We demonstrate that adenoviral-mediated gene transfer of a dominant negative rac1 gene product (N17rac1) inhibits the intracellular burst of reactive oxygen species (ROS) that occurs after reoxygenation of vascular smooth muscle cells. In contrast, expression of a dominant negative ras gene (N17ras) had no effect. Challenge of control cells and cells expressing N17rac1 with a direct oxidant stress produced an equivalent increase in intracellular ROS levels and subsequent cell death. This suggests that N17rac1 expression appears to block production of harmful oxygen radicals and does not act directly or indirectly to scavenge ROS generated during reoxygenation. Expression of N17rac1 results in protection from hypoxia/reoxygenation-induced cell death in a variety of cell types including vascular smooth muscle cells, fibroblasts, endothelial cells, and ventricular myocytes. These results suggest that reoxygenation injury requires the activation of rac proteins, and that inhibition of rac-dependent pathways may be a useful strategy for the prevention of reperfusion injury in ischemic tissues. 
Introduction
Although ischemia alone can produce tissue injury, previous studies have suggested that upon reperfusion, exposure of ischemic tissues to molecular oxygen greatly augments organ damage (1, 2) . A variety of evidence suggests that a burst of reactive oxygen species (ROS) 1 generation coincides with reoxygenation. The increase in ROS levels has been detected by several methods, including the use of electron spin resonance (3) (4) (5) , as well as by note of an increase in oxidant-induced processes such as lipid peroxidation (6, 7) . The evidence, implicating ROS as essential mediators of ischemia/reperfusion injury, has centered on the observation that various chemical and enzymatic antioxidants appear to protect against the tissue damage seen with reperfusion (1, 2) .
These previous studies have identified a pathological role for ROS generated at the time of reoxygenation. Attempts to limit postischemic tissue damage from ROS have centered predominantly on the use of antioxidants. Surprisingly, relatively little is known regarding the pathways by which ROS are generated under conditions of ischemia/reperfusion.
In phagocytic cells, where the generation of ROS plays a role in host defense, it has been appreciated for some time that the production of superoxide anions is regulated by the small GTP-binding protein rac2 (8, 9) . More recently, studies of nonphagocytic cells have demonstrated that various growth factors and inflammatory cytokines also generate ROS upon ligand binding (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . The production of ROS in these cells also appears to require the participation of small GTP-binding proteins such as ras and rac1 (16) (17) (18) (19) .
In the present study, we have explored the signal transduction pathway activated by hypoxia/reoxygenation. We demonstrate a requirement for rac1, but not ras proteins, in the generation of ROS after reoxygenation. In addition, we demonstrate that inhibition of rac-dependent pathways results in protection from reoxygenation-induced cell death.
Methods
Cells. Culture of rat primary vascular smooth muscle cells (passages 5-12) was obtained as explants from the thoracic aorta. Cells were maintained in medium 199 supplemented with 10% fetal calf serum. Human umbilical vein endothelial cells were obtained from Clonetics (San Diego, CA), human embryonic lung fibroblast (MRC-5) from ATCC (Rockville, MD), and rat neonatal ventricular myocytes prepared by collagenase digestion from 2-d-old pups (Worthington Biochemical Corp., Freehold, NJ).
Hypoxia/Reoxygenation. Cells were incubated in a minimal amount of medium, and then placed in a hypoxia chamber (BillupsRothenberg, Inc., Del Mar, CA). The chamber was subsequently flushed for 30 min with a 95% N 2 /5% CO 2 gas mix, after which the cells were returned to a 37 Њ C incubator for 16 h. An oxygen probe demonstrated that the chamber O 2 tension was Ͻ 10.0 torr. At the end of the hypoxic period, the chamber was removed from the incubator and opened to room air and the hypoxic media rapidly replaced with oxygen-saturated medium. Levels of intracellular ROS were determined by incubating cells for 5 min with 10 g/ml of dichlorofluorescin (DCF)-diacetate (Molecular Probes Inc., Eugene, OR), as previously described (15). Levels of DCF fluorescence represent the values from at least 60 random cells (mean Ϯ SD), based on an arbitrary scale (0-255) of fluorescence intensity (15).
Cell viability was assessed 5 and 24 h after reoxygenation. Viability was determined by two methods, trypan blue exclusion as well as by the live/dead viability/cytotoxicity assay (Molecular Probes Inc.). For the latter method, cells were incubated for 30 min with calcein AM (6 M) and ethidium homodimer (3 M) , and the percentage of viable cells subsequently determined by fluorescent microscopy. Un-der both normoxic and reoxygenation conditions, the absolute percentage of nonviable cells was significantly lower when the trypan blue method was used to determine cell viability. However, both approaches gave qualitatively similar results, with each method consistently giving a three-to fivefold increase in cell death after reoxygenation. Under the conditions of reoxygenation used, we did not directly measure whether cell death was from apoptosis necrosis, or a combination of the two processes. Except when stated otherwise, results of cell viability are from triplicate cultures (mean Ϯ SD) and represent one of at least three similar experiments. Statistical significance in cell viability was determined by first performing an ANOVA between the experimental groups ( P Ͻ 0.05), and then a two-tailed unpaired t test comparing N17rac1 versus the other experimental groups.
Adenoviruses. Construction of Ad.N17rac1 and Ad.N17ras was by homologous recombinant in 293 cells (16, 20, 21) . To assess the effects of adenoviral infection alone, a control adenovirus, Ad.d1312, which is deleted in the E1 region but lacks a recombinant transgene was used (22) . Viruses were amplified, purified, and titered as previously described (23) . Infection was with a multiplicity of infection (moi) of 100, except in cardiac myocytes where 200 moi was used. Cells were infected for 24 h before being made hypoxic. All cells, except the nondividing cardiac myocytes, were infected in a confluent growth-arrested state to avoid potential effects of rac1 on growth and cell cycle progression (24, 25) . Under these conditions, we noted no obvious effect on cellular morphology (data not shown).
Gene transfer efficiencies were assessed after infection with Ad. ␤ GAL, an adenovirus, which encodes the Escherichia coli LacZ gene product (23) . Histochemical X-gal staining of Ad. ␤ GAL-infected cells was as previously described (23) . Western blot analysis of ras or rac expression used antibodies directed at either ras (F235; Santa Cruz Biotech., Santa Cruz, CA) or the myc-epitope tag (9E10; Santa Cruz Biotech.), which identified the N17rac1 gene product (16) . 20 g of protein was loaded in each lane and bound immunoglobin was detected by enhanced chemiluminescence (Tropix, Bedford, MA). Confirmation of equal protein loading was assessed using an antibody directed at ␣ -tubulin (Ab-1; Calbiochem-Novabiochem Corp., La Jolla, CA).
Results
As an in vitro model for ischemia/reperfusion injury, we have used primary cultures of rat vascular smooth muscle cells (VSMC) treated for 16 h under hypoxic conditions, followed by reoxygenation. As demonstrated in Fig. 1 A , compared to cells under normoxic conditions, the levels of intracellular ROS increased ‫ف‬ 10-fold immediately after reoxygenation. Time course experiments, using the peroxide-sensitive fluorophore 2-7 Ј DCF, demonstrated that levels of ROS were highest in the first few minutes after reoxygenation and return to baseline within 1 h (data not shown). We next sought to assess the protective effects of treating with the cell permeant chemical antioxidant N -acetyl cysteine (NAC) or the peroxide-scavenging enzyme catalase. It had been demonstrated previously that in VSMC, intracellular levels of the peroxide-scavenging enzyme catalase can be altered by extracellular catalase administration (15). Consistent with previous studies, which demonstrated a protective role for ROS scavengers (1, 2), treatment with NAC or catalase inhibited the increase in ROS after reoxygenation (Fig. 1 A ) , as well as the subsequent increase in cell death as assessed by trypan blue exclusion (Fig.  1 B ) . Similar results were obtained with the fluorescent live/ dead assay (fold increase 5 h after reoxygenation; untreated: 3.7 Ϯ 0.3, 10 mM NAC: 1.3 Ϯ 0.2, 50 U/ml catalase: 1.4 Ϯ 0.2). In particular, the protective effect of catalase suggests that H 2 O 2 or radicals derived from H 2 O 2 represent the major, but perhaps not the sole species, of oxygen-derived metabolites responsible for inducing cell death.
In an effort to explore the intracellular pathways required for ROS generation after reoxygenation, we constructed recombinant adenovirus encoding a dominant negative rac1 (Ad.N17rac1) or ras (Ad.N17ras) gene product. Previous studies have implicated ras-regulated pathways in hypoxic signal transduction (26-28) and rac1 in ligand-stimulated ROS generation in phagocytic and nonphagocytic cells (8, 9, (16) (17) (18) . Consistent with previous results in VSMC (29, 30) , adenoviral infection led to successful gene transfer in Ͼ 90% of infected cells (Fig. 2 A ) . Similarly, Western blot analysis of Ad.N17ras-infected cells demonstrated that the dominant negative ras gene product was expressed at high levels and with a significant stochimetric increase over the wild-type ras gene product (Fig. 2 C ) . Similarly, expression of the epitope-tagged form of rac1 was readily detected in VSMC lysate (Fig. 2 D ) .
Given the high efficiency of adenoviral-mediated gene transfer, we next assessed the role of the ras and rac1 GTPase in reoxygenation. Examination of intracellular ROS levels revealed that in uninfected cells, reoxygenation produced a significant increase in DCF fluorescence (Fig. 3, a and e ) . Equivalent increases in this fluorescence were seen in VSMC infected with either an E1 deleted adenovirus, which lacked a recombinant transgene (Ad.d1312; Fig. 3 b and f ) , or with Ad.N17ras (Fig. 3, c and g ). In contrast, infection with Ad.N17rac1 produced a marked attenuation in the level of ROS, as assessed by DCF fluorescence, after reoxygenation (Fig. 3, d and h ) .
We next assessed the effects of N17rac1 expression on cell viability. Under normoxic conditions (20% O 2 ), expression of N17racl did not affect cell viability (Fig. 4) . Similarly, in cells subjected to 16 h of hypoxia only, the percentage of nonviable cells as assessed by the fluorescent live/dead assay or by trypan blue exclusion was not substantially increased over normoxic conditions, and expression of N17rac1 had no protective effect (data not shown). In contrast, when compared to control cells, cells expressing N17racl showed a substantially reduced level of cell death when subjected to hypoxia/reoxygenation and, subsequently, measured by the fluorescent live/dead assay. This was true at both 5 and 24 h after reoxygenation. Similar results were obtained using trypan blue exclusion as a marker of cell viability. (Fold increase of trypan blue positive cells 5 h after reoxygenation compared with normoxic control; uninfected: 3.2 Ϯ 0.8, Ad.d1312: 3.0 Ϯ 0.2, Ad.N17ras: 3.2 Ϯ 0.2 and Ad.N17rac: 1.1 Ϯ 0.3*, * P Ͻ 0.02.) Somewhat surprisingly, we did observe an appreciable increase in cell death after reoxygenation when the constitutively active form of rac1 (V12rac1) was expressed (data not shown).
In phagocytic cells, rac proteins control the level of ROS by regulating the NADPH-oxidase complex (8, 9) . Recent evidence suggests that small GTPase may play a similar role in nonphagocytic cells (16) (17) (18) (19) . In particular, the ability of ras or rac1 to regulate the intracellular redox state in fibroblasts is blocked by treatment with the flavoprotein inhibitor diphenylene iodonium (DPI), which is a known pharmacological inhibitor of the neutrophil NADPH-oxidase (17, 18). We, therefore, sought to test if the increase in ROS after reoxygenation, which is rac1 sensitive, was also sensitive to DPI treatment. As seen in Fig. 5 , pretreatment of cells with DPI significantly inhibited the burst of ROS after reoxygenation.
Because the level of DCF fluorescence represents the balance of synthesis and degradation of ROS, we sought to ascertain whether N17rac1 expression inhibits production, or like NAC and catalase, serves to scavenge ROS. Uninfected VSMC, or VSMC infected with Ad.d1312, Ad.N17ras, or Ad.N17rac1, were subjected to a direct oxidative stress. Levels of intracellular DCF fluorescence after a brief H 2 O 2 exposure (1 mM for 5 min) were similar in uninfected and all adenovirus-infected cells (Fig. 6 A ) . Similarly, Ad.N17rac1 infection did not prevent cell death after a challenge with H 2 O 2 (Fig. 6  B ) . Treatment of cells with lower doses of H 2 O 2 (10-100 M) did not result in significant cell death and produced a corresponding lower, but equal, level of DCF fluorescence in all infected cells (data not shown). This suggests that N17rac1 does not act directly or indirectly to scavenge ROS and most likely interferes with the production of damaging oxygen radicals.
Finally, we sought to determine whether the ability of N17rac1 expression to protect cells from hypoxia/reoxygenation injury was demonstrable in other cell types. Primary cultures of endothelial cells and ventricular myocytes, as well as an embryonic fibroblast cell line, were subjected to a similar protocol of 16 h of hypoxia followed by reoxygenation. Similar to what we observed in VSMC, expression of N17rac1 in these cell types led to protection against reoxygenation-induced cell death, as assessed by trypan blue exclusion (Fig. 7) . 
Discussion
We have used adenoviral-mediated gene transfer to transiently express dominant negative isoforms of rac1 and ras proteins. Previous studies have demonstrated that ras proteins are activated under hypoxic condition and regulate some aspects of hypoxic signal transduction (24) (25) (26) . Similarly, ras and rac1 appear to be involved in the generation of ligand-stimulated ROS in certain cell types (16) (17) (18) (19) . Our results demonstrate a requirement for rac proteins in an intracellular pathway leading to ROS generation after hypoxia/reoxygenation. Inhibition of this pathway leads to a decrease in reoxygenation-induced cell death.
The rac-regulated enzymes, which produce ROS, and the exact species of ROS produced are uncharacterized at present. Although DCF is commonly used as a marker for intracellular H 2 O 2 , past studies suggest that other radicals including hydroperoxides and NO intermediates may also be detected (31, 32) . Nonetheless, in our system, the ability of catalase (Fig. 1 A) to abolish the fluorescent signal implies an important role for H 2 O 2 . In addition, previous results using an independent method, electron spin resonance, have suggested that expression of activated ras or rac1 isoforms leads to an increase in superoxide generation, which is subsequently dismutated to H 2 O 2 (18) .
The direct targets of ROS leading to cell death are also unknown. Earlier studies have suggested that the ROS generated during reoxygenation can directly induce cell death by nicking DNA or damaging cell membranes through lipid peroxidation (1, 2) . In addition, ROS have been linked to the activation of the rac-regulated, c-jun amino-terminal kinase (JNK; 33). The activation of JNK has been observed in several in vitro and in vivo models of ischemia reperfusion (34) (35) (36) (37) (38) . Because JNK activation has been linked to apoptosis (38) (39) (40) (41) , this represents another possible rac-regulated, ROS-modulated pathway leading to cell death. It should be noted however, that in our in vitro system of hypoxia/reoxygenation, we have observed only a modest induction of JNK or p38 kinase after reoxygenation (data not shown).
Nonetheless, our results demonstrate that regardless of the ultimate effector pathway, N17rac1 expression protects a wide variety of cell types. Included among the cells tested are endothelial cells, which are believed to be an important source of ROS (42), and cardiac myocytes, which are an important target of reperfusion injury. A strategy to prevent reperfusion injury, based on inhibiting rac or rac-dependent pathways, may be inherently more effective than an antioxidant-based approach, because such a strategy would limit generation of harmful radicals and not merely attempt to scavenge ROS after production. Although our results suggest that rac proteins regulate intracellular H 2 O 2 levels, it is important to note that other toxic oxygen molecules may participate in reoxygenation injury. This may explain why we did not observe complete protection with catalase treatment or after N17rac1 expression. Nonetheless, our data suggest that efforts aimed at inhibiting rac protein function may be useful in a variety of clinical settings in which there is concern about the potential harmful effects of reperfusion injury. 
